Vibrio cholerae causes cholera outbreaks in endemic regions where the water quality and sanitation facilities remain poor. Apart from biotype and serotype changes, V. cholerae undergoes phase variation, which results in the generation of two morphologically different variants termed smooth and rugose. In this study, 12 rugose (R-VC) and 6 smooth (S-VC) V. cholerae O1 Ogawa isolates were identified in a cholera outbreak that occurred in Hyderabad, India. Antimicrobial susceptibility results showed that all the isolates were resistant to ampicillin, furazolidone and nalidixic acid. In addition, R-VC isolates were resistant to ciprofloxacin (92 %), streptomycin (92 %), erythromycin (83 %), trimethoprim-sulfamethoxazole (75 %) and tetracycline (75 %). Based on the ctxB gene analysis, all the isolates were identified as El Tor variant with mutation in two positions of ctxB, similar to the classical biotype. The R-VC isolates specifically showed excessive biofilm formation and were comparatively less motile. In addition, the majority of these isolates (~83 %) displayed random mutations in the hapR gene, which encodes haemagglutinin protease regulatory protein. In the PFGE analysis, R-VC and S-VC were placed in distinct clusters but remained clonally related. In the ribotyping analysis, all the R-VC isolates exhibited R-III pattern, which is a prevailing type among the current El Tor isolates. A hapR deletion mutant generated using an S-VC isolate expressed rugose phenotype. To our knowledge, this is the first report on the association of rugose V. cholerae O1 in a large cholera outbreak with extended antimicrobial resistance and random mutations in the haemagglutinin protease regulatory protein encoding gene (hapR).
INTRODUCTION
Cholera, caused by the toxigenic Vibrio cholerae, is one of the most important diarrhoeal diseases accounting for a large number of deaths. In 2014 alone, 190 549 cholera cases were reported from 42 countries, with 2231 deaths (WHO, 2015) . More than 200 serogroups of V. cholerae are known, but only serogroups O1 and O139 are associated with epidemic and pandemic cholera . India continues to have a large number of cholera cases in the form of outbreaks in several regions (Dutta et al., 2006; Taneja et al., 2012) .
Conversion of colony morphology from smooth to rugose types has been reported in several bacteria, including classical as well as El Tor biotypes of V. cholerae O1 (White, 1938; Rashid et al., 2004; Ray et al., 2012) . It has been shown that smooth and rugose colony morphologies of V. cholerae are due to the intricate interplay between multiple positive and negative regulators of smooth-to-rugose phase variation gene (Yildiz et al., 2004; Lim et al., 2006) . Genetic analysis indicates that excess production of extracellular Vibrio polysaccharide (VPS) is responsible for the rugose colony morphology formation, which is positively and negatively regulated by two transcriptional regulators, VpsR and HapR, respectively (Yildiz et al., 2004) . HapR regulates VPS production not only through the transcriptional regulators, VpsR and VpsT, but also directly by binding to a vps biosynthesis gene promoter. Apart from these regulators, the sigma factors RpoN and RpoS also play roles in phase variation-specific gene expressions. Biofilm formation is important for the environmental survival and transmission of V. cholerae, which are matrix-enclosed, surface-associated communities (Faruque et al., 1998; Lipp et al., 2002) . Interestingly, smooth and rugose variants of V. cholerae significantly differ in their biofilm-forming abilities (Yildiz & Schoolnik, 1999) . Smooth-to-rugose conversion occurs spontaneously under several conditions, including carbon limitation, growth in biofilms, predation by protozoans and treatment with bactericidal agents (Yildiz & Schoolnik, 1999) . Rugose variants have been isolated from environmental biofilm samples collected in Bangladesh, indicating that the switchover can also occur in natural environments (Islam et al., 2007) . Several molecular mechanisms directing the conversion of smooth to rugose have been reported, but each of the mechanism varies between isolates (Rashid et al., 2004) . The rugose form of V. cholerae was first described in 1938 with 'wrinkled' colony morphology in a non-selective medium (White, 1938) . Rugose variants secrete copious amount of exopolysaccharides, which confer resistance to chlorine, acidic pH, serum killing and osmotic and oxidative stresses (Morris et al., 1996; Mizunoe et al., 1999) . Rugose V. cholerae represent an epidemiologically important phenotype, since they can persist even in the presence of free chlorine (Rice et al., 1992; Yildiz & Schoolnik, 1999) .
In May 2009, a large cholera outbreak affected many parts of Bholakpur, Secunderabad, Andhra Pradesh (now Telangana), in Southern India. The outbreak spread to many areas, and thousands of people of Bholakpur were affected. In this study, we report the characteristics of rugose (R-VC) and smooth (S-VC) V. cholerae O1 Ogawa isolates that were concurrently identified during the cholera outbreak.
METHODS
Epidemiology and isolation of V. cholerae O1. A team from the National Institute of Cholera and Enteric Diseases, Kolkata, visited the Gandhi Medical College and Quarantine Hospital at Secunderabad, Andhra Pradesh, to investigate and control a cholera outbreak. The outbreak-affected Bholakpur area is located about 5 km away from Hyderabad city, with a population of 65 000. On 3 May 2009, cases of acute diarrhoea started arriving at the Gandhi Medical College and Quarantine Hospital, and by the end of 11 May, 688 cases were registered. There were six deaths due to acute diarrhoea and severe dehydration; four of them were children younger than 5 years. All the cases presented gastroenteritis, including watery diarrhoea, with or without abdominal pain and vomiting. The outbreak investigation team collected 20 rectal swabs from the hospitalized diarrhoeal cases. These rectal swabs were transported to the laboratory in Cary-Blair medium (Difco). The samples were streaked directly or through enrichment culture in alkaline peptone water onto thiosulfate-citrate-bile salts-sucrose agar (Eiken). Biochemically tested isolates were serologically confirmed by using V. cholerae O1 polyvalent antisera, followed by serotyping with Ogawa, and Inaba monovalent antisera (Denka Seiken). Samples were also processed for other enteric bacteria such as aeromonads, salmonellae, shigellae, diarrheagenic Escherichia coli, campylobacters and other vibrios following standard protocols (WHO, 1983) .
Antimicrobial susceptibility. Antibiotic susceptibility testing was performed as per the guidelines of the Clinical and Laboratory Standards Institute (CLSI, 2010) . The following commercially available discs (Becton Dickinson) were used: ampicillin (10 µg), ciprofloxacin (5 µg), trimethoprim-sulfamethoxazole (1.25-25.75 µg), chloramphenicol (30 µg), azithromycin (15 µg), erythromycin (15 µg), gentamicin (10 µg) nalidixic acid (30 µg), norfloxacin (10 µg), streptomycin (10 µg), tetracycline (30 µg) and furazolidone (100 µg). E. coli ATCC 25922 was used as a quality control strain.
PCR analysis. Bacterial DNA was extracted from the overnight cultures in Luria-Bertani broth (Difco) at 37 C using NucliSens easy-MAG (bio-M erieux). The DNA was checked for purity, quantified and stored at 4 C until use. All the V. cholerae isolates were analysed using specific primers for the detection of cholera toxin (CT) A and B subunit encoding genes (ctxA and ctxB, respectively), rtxC, Vibrio seventh pandemic, pathogenicity islands and toxin coregulated pili gene (tcpA) of classical and El Tor biotypes, following the published methods (Faruque et al., 2004) . The isolates were also examined by mismatch amplification mutation assay-based PCR for detecting the ctxB alleles (Morita et al., 2008) .
ctxB gene sequencing. The ctxB gene PCR amplicons were purified with the QIAquick kit (Qiagen), and cycle sequencing was performed using the ABI PRISM BigDye terminator cycle sequencing kit (version 3.1; Applied Biosystems). Sequencing was done in an automated DNA sequencer (ABI 3730; Applied Biosystems) with BigDye cycle sequencing ready reaction. The DNA sequences were edited with Lasergene software (DNASTAR).
hapR gene amplification and sequencing. The hapR gene region of R-VC isolates was PCR amplified using the primers HapR-F1 (5¢-CAGTGATCTGTTGACCTAATTC-3¢) and HapR-R1 (5¢-GAGGCTC TACGCACCTTAAC-3¢) followed by purification of the PCR products. For sequencing of the entire hapR region, primers HapRint-F (5¢-TCGCCTCAAAAACGCAA-3¢) and HapRint-R (5¢-TCGGCCAACTTA TACACT-3¢) were used. The DNA sequences were edited with Lasergene software (DNASTAR) and compared with the hapR sequence of V. cholerae O1 classical strain O395 (accession no. CP001235). The hapR sequence data described in this paper have been submitted to GenBank under accession numbers KT633830-KT633840.
Biofilm and motility assays. Biofilm assay was made following a previously published method (Lauriano et al., 2004) . Fresh cultures of V. cholerae isolates were stab inoculated into motility agar [Luria-Bertani agar (LA) with 0.3 % agar] and incubated at 30 C for 18 h. The diameter of the swarm size was measured. The motile V. cholerae O1 classical strain O395 was used as a positive control.
Construction of isogenic mutant strain. Isogenic DhapR V. cholerae was constructed by sequential integration/excision methods using a derivative of the positive selection vector pKAS32. The recombinant plasmid pKhapR carrying the DhapR :: cat allele was used to disrupt the entire hapR ORF of a smooth V. cholerae isolate HYS4 essentially as described by Pant et al. (2015) , and the mutant was designated HYS4DhapR. The mutant was confirmed by PCR and protease assay on a milk agar plate.
Protease assay. Milk plate assay for casein hydrolysis by haemagglutinin/protease of V. cholerae was done as described by Pal et al. (2012) with slight modification. Single HapR-positive (C6709) and HapR-negative (N16961) V. cholerae O1 isolates were inoculated onto M9 agar plates containing 1 % (w/v) skimmed milk and incubated overnight at 37 C. Protease activity was detected by a visible zone of clearance around the bacterial growth due to hydrolysis of the milk protein.
PFGE. PFGE was performed according to the PulseNet protocol (Cooper et al., 2006) with slight modification. For electrophoresis, 0.5Â Tris/borate/EDTA buffer was used with 300 µM thiourea. The PFGE patterns were analysed using the BioNumerics version 4.0 software (Applied Maths) after normalization of the TIFF images with Salmonella enterica Braenderup strain H9812 as a size standard. Clustering was performed using the unweighted pair-group method with arithmetic averages and the Dice correlation coefficient with a position tolerance of 1.5 %.
Ribotyping. Ribotyping was performed following a standard V. cholerae protocol (Popovic et al., 1993) . Hybridization signal was detected using a chemoilluminance detection kit (ECL nucleic acid detection system; GE Healthcare).
RESULTS
Twenty rectal swabs collected from the hospitalized patients at the time of outbreak investigation were analysed using standard methods. In the thiosulfate-citrate-bile saltssucrose agar selective medium, there is no demarcation between S-VC and R-VC colonies as they grew sucrose-fermenting yellow colour colonies. Based on the typical colony morphology on LA, 12 and 6 V. cholerae O1 from these samples were identified as rugose and smooth isolates, respectively. The colony morphology of R-VC grown in LA at different time intervals is shown in Fig. 1(a, b) . All the V. cholerae O1 isolates were identified as serotype Ogawa. Two samples remained culture negative for all the tested enteric bacteria. Infection with R-VC occurred more often in children younger than 5 years than in adults (8/12 R-VCpositive cases). All the swabs remained culture negative for the other enteric bacterial pathogens.
Results of antimicrobial susceptibility showed that the R-VC isolates were fully resistant to ampicillin, furazolidone and nalidixic acid. These isolates were also resistant to ciprofloxacin (92 %), streptomycin (92 %), erythromycin (83 %), trimethoprim-sulfamethoxazole (75 %) and tetracycline (75 %) ( Table 1) . S-VC isolates were susceptible to fluoroquinolones and tetracycline but resistant to ampicillin, furazolidone, nalidixic acid, streptomycin and trimethoprim-sulfamethoxazole (Table 1) . Generally, R-VC and S-VC isolates remained susceptible to azithromycin and chloramphenicol. About 67 % of the R-VC isolates showed less motility compared to S-VC (!4.0 cm) ( Table 1) . Four R-VC isolates displayed the same motility as S-VC isolates.
In the PCR assay, all the V. cholerae O1 isolates were identified as El Tor biotype and positive for the ctxA, tcpA, rtxC, VSP-I and -II along with VPI-I and -II genes (data not shown). Based on changes in the amino acid sequences of the CT-B subunit, several CT genotypes have been identified. The deduced amino acid sequences from the ctxB showed 100 % homology to the V. cholerae O1 classical strain O395 (CT-genotype 1) with the substitution of histidine at position 39 and threonine at position 68. V. cholerae isolates having similar mutations in the CT-B subunit are designated El Tor variants, since they have genotypic traits of the El Tor biotype but produce the classical type of CT . While S-VC isolates did not produce any biofilm, most of the R-VC isolates produced excessive biofilm formation (Fig. 1c) and had decreased motility (Table 1) compared to S-VC. It has been well established that HapR, coded by the gene hapR, is a strong negative regulator of biofilm formation. Therefore, to check for any changes in the hapR gene of R-VC isolates, this gene region was PCR amplified and sequenced. Interestingly, it was found that most of the R-VC isolates (~83 %) carried random mutations in the hapR region, which are mostly non-synonymous (Table 2) . Isolates with mutations in hapR genes lacked a functional HapR (Table 2) . For example, insertion of T was identified in an isolate HYR29 at the nucleotide position 297 of the hapR ORF, which led to a frame-shift mutation and generation of a truncated protein of 116 aa length instead of 203 aa as observed in S-VC isolates. Furthermore, the HapR of R-VC isolates HYR30 or HYR38 carries aspartic acid (GAC codon at 57 position) or glutamic acid (GAG codon at 54 position) compared to the conserved tyrosine (TAC codon) or valine (GTG codon) residues of WT HapR, respectively (Table 2) , and these mutations may also lead to rugose colony morphology suggesting that the conserved tyrosine and valine amino acids most likely play an essential role in HapR activity. In isolate HYR23, the promoter region as well as first 234 nucleotides of the ORF of the hapR region was deleted (Table 2) . Two R-VC isolates (HYR14 and HYR15) without any mutation in the HapR exhibited motility comparable to that of S-VC (Table 1) .
To further validate our findings, we developed an isogenic hapR mutant of a representative S-VC strain HYS4. After deletion of the hapR gene, the smooth colony morphology of the HYS4 was fully converted to rugose colony morphology (Fig. 1d) . To further confirm, both HYS4 and HYS4-DhapR were inoculated onto a milk agar plate. As expected, HYS4 DhapR did not produce any clear zone of protease activity around its growth unlike its parent strain HYS4 (Fig. 1e) . Biofilm formation by the HYS4DhapR is much higher than that of its parent as well as other rugose isolates (Table 1 ). In addition, motility of the deletion mutant was Abbreviations: AM, ampicillin; FZ, furazolidone; GM, gentamicin; NA, nalidixic acid; S, streptomycin; CIP, ciprofloxacin; E, erythromycin; SXT, trimethoprim-sulfamethoxazole; TE, tetracycline; C, chloramphenicol; NOR, norfloxacin.
considerably less (Table 1) . Hence, it is clear that the mutations in the hapR are responsible for the conversion of V. cholerae O1 into rugose type.
PFGE analysis of NotI-digested genomes separated the S-VC and R-VC isolates in clades A and B, respectively, with about 90 % similarity (Fig. 2) , thereby indicating that they are most likely to be clonal. In the ribotyping analysis, the R-VC isolates were identical, and they belonged to the R-III pattern, which is a prevailing ribotype among the current El Tor variant strains (Fig. S1 , available in the online Supplementary Material). These results suggest that the R-VC might be derived from the circulating V. cholerae O1 El Tor isolates.
DISCUSSION
Although the analysed V. cholerae O1 isolates are small in number, the majority of them were phenotypically identified as rugose in this cholera outbreak. R-VC and S-VC isolates uniformly harboured all the tested virulence encoding genes. Among the two biotypes, the classical biotype is known to be more toxigenic than the El Tor. The present trend of El Tor biotype strains producing CT of classical type has been reported in several parts of India and other countries (Raychoudhuri et al., 2008) .
Administration of antibiotics is an important supportive therapy for cholera, as they effectively reduce the duration of diarrhoea and the number of V. cholerae in the stools. For many years, V. cholerae O1 has been resistant to some of the long-standing antimicrobials such as ampicillin, streptomycin, sulfonamides, trimethoprim and nalidixic acid. The infrequent appearance of resistance towards effective antimicrobials such as tetracycline and fluoroquinolones has been reported previously (Garg et al., 2001; Sack et al., 2004; Faruque et al., 2007) . Remarkably, most of the R-VC isolates were found to be resistant to tetracycline and fluoroquinolones, while the S-VC remained susceptible to these drugs. Based on our results, the health authorities were informed to use azithromycin for the treatment of cholera patients, to which all the V. cholerae O1 isolates were susceptible. Although all the V. cholerae isolates were susceptible to chloramphenicol, this is not the drug of choice in the treatment of cholera (Wallace et al., 1968) .
Several in vitro studies suggest the contribution of a complex regulatory network involving many genes of V. cholerae to the rugose polysaccharide production (Rashid et al., 2003; Yildiz et al., 2004) . It has been known that inactivation of the quorum-sensing regulator HapR triggers transformation of S-VC to R-VC along with enhanced VPS and biofilm production as well as increased expression of virulence factors (Rashid et al., 2003; Ali et al., 2000; Liang et al., 2007) . Rugose colony morphology may be observed (2004) , which could be mediated through VpsT and VpsR regulators of VPS production (Beyhan et al., 2007) . At present, it is not clearly known whether rugose-to-smooth conversion occurs in the natural environment. However, Rice et al. (1993) have reported the spontaneous reversion of smooth to rugose and vice versa at a low but detectable frequency. Yildiz et al. (2004) have shown that a hapR-negative rugose strain could revert to the smooth variety by deletion of the VpsR/VpsT regulators of VPS synthesis.
Interestingly, in this study, we found different types of mutations, including point, insertion or deletion mutation in the hapR region of R-VC isolates, which led to the production of truncated and/or non-functional HapR. From the pattern of mutations, it appears as a random phenomenon, and both hapR ORF and its promoter region may serve as mutational hotspots. In this study, we concentrated on the mutations only in the HapR regions and not in other genes. The role of HapR was further confirmed using an isogenic mutant HYS4DhapR that expressed rugose morphology, biofilm production and reduced motility, and its protease activity was inhibited. PFGE results showed that the cholera outbreak in the Bholakpur area was caused by very closely related clones of V. cholerae O1. In the ribotyping profiling, all 12 R-VC isolates exhibited the R-III pattern, which is common in other cholera-endemic areas in India (Dutta et al., 2006; Taneja et al., 2012 ).
It appears that rugosity in V. cholerae is a stable phenomenon as they tend to be phenotypically unchanged after in vivo passage in humans (Morris et al., 1996) . R-VC isolates may have epidemic potential, and hence, the spread of R-VC in the community should be monitored carefully. In conclusion, this is the first report to our knowledge on the emergence of multidrug-resistant atypical rugose isolates of V. cholerae O1 associated with a cholera outbreak with random mutations in the hapR gene. The multidrug resistance of these isolates emphasizes the need for antimicrobial susceptibility testing which may help in the efficient management of cholera infection.
